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FOREWORD

This report was prepared by the Aeronautical Engine Department,
Naval Air Propulsion Test Center, for thé Federal Aviation Admin-
istration. The work effort was part of a program of the Engineer-
ing and Safety Division;, Aircraft Development Service, Washington,
D. C. Engineering lisison and technical review for the project
was furnished by the Instruments and Equipment Section, Aircraft
Branch, Test and Evaluation Division, National Aviation Facili-
ties Experimental Center, Atlantic City, New Jersey.
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ABSTRAGT

~~>The equilibrium flammability envelopes of turbine fuels were
determined by both visual and instrumental techniques. The lean
and rich limits were found to be linear functions of altitude and
temperature when wall effects were reduced and ignition spark
energies were high. The linearity of the limits could be altered
by increasing the wall effects or decreasing the ignition spark
energies. Wide-cut turbine engine fuels, aviation kerosenes and
blends of the twe types were tested. The flammability character-
istics of the fuels at egquilibrium were compared to those of the
fuel under simulated aircraft dynamic conditions. Aircraft
dynamics affect fuel primarily by producing spray. When the point
of ignition was not directly within the sprayed fuel, no deviation
from the normal equilibrium flammability envelope occurred. When
the point of ignition was directly within the spray, the lean
flammability limit of the fuel was extended ccnsiderably beyond
the equilibrium limit. { )}

]
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. INTRODUCTICN

The purpose of this project was to investigate the fuel vapor

- conditions that exist within aireraft fuel tanks and describe their

flammability characteristics. There appears to be an infinite

number of conditions that cen exist within an aircraft fuel tank..

One of the many causes for this complexity is that the inflight
conditions which may be experienced by alrcraft cover & wide range
of temperatures, pressures and motions (l) Such broad and ex-

‘tenaive environmental conditions produce wide variations in the

smount of fuel that exists in the vaporized state. In addition to
fuel being present as a vapor, turbulence and eircraft motion csause
the liquid to be dispersed in the vapor space in the form of mists
and spray. (Mists are distinguished from spray primarily by droplet

-size and stability of the dispersion. The line of demarcation

between the two states is not well defined (2)). Tank character- 
istics such as design and geometry are contributing factors whic¢h
produce what amounts to an infinite number of vapor space conditions.

- Structural members, fuel distribution hardware, quantity gauging

equipment, and fuel venting systems all contribute to the complex-
ity of the problem. The fusl sloshes in the tank, spraying fuel into
the vapor space; fuel is sprayed into the vapor space by vibration (3)
and eveh by mechanical design such’as fuel tank boost pumps which
cause jets of fuel to be sprayed into the vapor space (4). ‘Changes

- in the vapor space composition ocecur during pressure equilibration
’ of the tank with inflight atmospheric pressures.

- Lack of predictability in specifying vapor space fuel/air ratios
also results from the fact that the fuels are .composed of a rather .
broad spectrum of compounds with a corresponding broad range of
boiling points. During the storage and utilization of the fuel,
changing vapor space volumes, and temperature and pressure changes,
produce what amounts to a crude form of fractional distillation.

The literature abounds with evidence .demonstrating that different

- ‘hydrocarbons show demonstrably different flemmability character-
istics (5, 6, 7, 8 and 9). Differences in composition, of signi-
. ficant proportions, can exlst between fuels, which meet the same

. specifications but are produced by different reflnenles or from

different crudes (10, 11, 12, a.nd 13}.

Further compounding of the problem's complexity occurs from the

_ fact ;that there are in‘reality two basically different types of

turbine ‘engine fuel that are used by jet aircraft: these are the
aviation kerosenes and the wide-cut turbine engine fuels. These fuels
are acquired commerclially so as to meet either commercial, military
‘or private specifications (l) ' .

¥ ‘Numbers indicaté reference,



Any controlled inveetigation to determine to what degree, any
or all combinations of the previously mentioned variabies affect
. fuel/air ratios within tanks necessarily requires an analytical
technique and sampling method. To- establish a suitable sampling
gystem presents many technical difficulties. For example, it is
difficult to see how a sample, representlng a specific. aerosol
and vapor compositlon can be maintained in its original phy51ca1
state during transfer until time for analysis. Changes in the
physical state of the sample will be produced by temperature grad-
ients, pressure changes, gas flows, and droplet’ coalescence during
. .sample transfer and final analysis. Also, the location of repre—,

- sentative sampling points for a dynamic tank situation, lacking .

. honogeneity, presents a dilemma. The lack of responsiveness and

- the error that are inherent in a mechanical sampling system would
conceivably result in data that could only be suspect. The second

. alternative for an analytlcal scheme. would be one which R

-does not require any sampling. For such an approach to defining"

. the liquid-vapor state an optical system would appear most practi-

cal.. Such an insitu optical display has the advantage of not
.alterlng the liquid-vapor states, - but a decided disadvantage exista
with respect tc its describing . an aerosol. No satisfactory analysis-
~of a polydisperse cloud, be it a mist or spray, can be made elther
by -scattered -light, transmltted light, variation in the color of the
-scattered light or its polarization (2) From the arguments pre-
sented, it is easy to see that a program which is designed along .

analytical principles to define liquid-vapor conditions of an aircraft

« fuel tank and their flammability is beyond practical considerations, .
Therefore, this investigation was carried out on the basis of de-
fining actual flammebility in terms of the environmental conditions
to which an aircraft fuel tank might be exposed. An experimental
combustion apparatus was designed which made this possible, The

" appdratus contained the liquid fuel within the combustion chamber

at all times. Therefore, any change in environmental conditions

could be related directly in terms of varlations to the natural limits
of flammablllty. .

This report describes the equilibrium flammability character~
istics. of two.types of turbine engine fuels, in terms of altitudes
and-temperatures. The effects on flemmability of simulated ground
storage, aircraft flight conditioning and blends of an aviation kero-

- sene with a wide-cut turbine engine fuel are included.

In addition to the conventiomal definition of flammability using
the visual confirmation of flames, the flammability characteristics

- of fuels werée investigated in terms of transient pressure and tempera-

ture rises which were produced upon igniting a tank vapor space.
These pressure and temperature rises made possible the means by which
the effect of fuel spray was evaluated. The flammability data on

.\

o
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the spray provided insight into the relative flammability character-
istics within an aircraft tank under static and dynamic conditions.
By the further application of instrumental techniques, flammsbility
studies included venting out of tanks during eircraft ascent.
Combustion data were obtained during conditions which simulated
alrcraft tskeoff and ensuing climb.

—
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Physical Properties of Fuels and Their Relationship t0o Fuel Flamma—

Turbine‘engine fuels are rather complex blends of a variety of“\
hydrocarbens, 1.e. paraffins, olefins, aromatics and naphthenica.:
For example, it is reported that some 5,000 to 10,000 hydrocarbons

. are contained in JP-4 jet fuel (14). A narrower bOiling range fuel
-such as gasoline has soms 300 individual hydrocarbons. Because of

the chemical complexity of fuels, they are classified on the basis
of their physical properties, Turbine engine fuels are placed in,

two broad categories, which are based on their distillation temp-

ergature ranges: wide-cut turbine engine fuels and aviation

_ kerosenes (1). These in turn are purchased operationally according
‘to a variety of specifications-military, consumer organization,

girline and engine manufacturer (15). Primarily, the differences
between any of these fuels are due to the relative proportions of
the hydroecarbon constituents. Various specifications of turbine
fuels are shown in Tables I and 1I. Although many other specifi-
catlons exist, the ones shown here are’ those which are commenly used
and are pertinent to this report. |

~l. Fuel Volatility - Combustion is primarily a process involv-'o
ing vapors. For example, ‘in the burning of a fuel droplet, three
distinct phases occur (16). In the first stage the droplet is pre-
heated to a point where sufficlent vapors are evolved to support a
flame. In the second stage, the heat from the enveloping flame
causes fuel vapors to evolve continuously and feed the flame. In

"~ the final stage, the combuation of a cokelike residue may occur.

Fuel volatility, therefore, is one of the primary characteristics
that relate to fuel flammability. Those specification properties
which -are a measure of volatility are: flash point, distillation

" range and vapor pressure. - These are the primary properties that are

inferred when differences in flammability are claimed for one fuel
in comparison with another (1).



IARLE 1

UNITED STATES MILITARY SPECIFICATION FOR AVIATION TURBINE FUELS

Specification:
Effactive Date:
Grade:”
Type:

Distillaetion:

Initial bolling polint

Fuel evaporated, 10 percent min, a}
Fuel svaporated, 20 percent min. at
Fuel evaporated, 50 percent min. at
Fuel svaporated, 90 percent min. at
End polint, max.

Percent evaporsted, at 400°F (204 40C)-
Resldus, vol. percent max.
‘Digtillation loss, vol. percent max.

Gravity ©API - min. (sp. gr. max.)
- Gravity °API - mex. {sp. zr. min.)
Bxistent gum, mg./100 ml. max.
Total potential residue, 16 hour aging.
mg./100 ml. max.
Sulfur, totel, percent weight max.
. Mercaptan sulfur, percent weight.max. (b)

 Reid vapor pressurs, 100°F, psi, min.,
(gm./em?, min.)

Reld vapor pressure, 100°F, pei, max.,
(gm./ci?), max.)

. 'Freezing point, max.

' Heating Value:

Net heat of combustion, Btu/lb min.,

or snilina-gravity product min. (o}

Viscosity, centlstokes at -30°F (- 34 L°C),
Aromatics, vol, percent’ max.
Qlefin, vol., percent max.

Smoke point, mm. min.

or luminometer No., min,
Explosiveness, percent max.
Flash point, min.

Smoke. ¥olatility index, min..
or luminometer No., min.

Copper atrip corrosion, ASTM classification max.

Water separometer index, medified min.
Water reaction, interface rating, max.
Thermal atability,
. Change in preasura drep in 5 hours,
* in. of Hg.,
- Preheater- daposit coda, less then
Particulate matter,

mg./gal. max. F.0.B. origin deliveries

mg./gsl. max. F.0.B. destination dellveries

Fuellpystem_icing 1hh;bitor, parcent vol., max

Fuel system lecing inhibitor, percent vel., min

{a) To be reported - not limited..

- = - - MIL-T-5624G(Amend. 1) - = - -

JP-4

11/21/66~

Wide-Cut

(a)
{a)

290°F {143.3°C)
370°F (187.80C)
470°F {243, 3°C)

(a)
(a)

2.0 (140.6)

3.0 (210.9)
~729F (-58°G)

18,400
5,250

25.0
5.0

P

JP-5
Kergsene

(a}
4LO0CF (204.40°0C)

.1
(a)

(a)
5500F {287.80C)

=51eF (-46°C)

18,300
44500

116.5

25.0

" 5.0

19.0
50

50
140¢F (60.0°C)

No.
85

(]

‘(b) The mercaptan sulfur determination may be uaived at the -cpticn of the inaspector
N if the fuel i3 "doctor sweet” when tested in accordance wvith Method 5203 of

Federal Test Method Standard No.

791.

{¢) Aniline-gravity product is defined as the product of tha gravity in °AFI and the

aniline point in °F,

(d) The smoke volatility index (SVI) is the smoke point (SP) + (0. 42 I volume percant

boiling under 400°F (204 40C)).

AW , uk
N e W A W

\~



.

Iy

- -] - ‘-

TARLE II (Ref. 15}

COﬂ!@RCIAL—SPECIFICATIONS FOR AVIATION TURBINE FUELS

“{e) Smoke Volatility Index (SVI) =,

5 .

Organization. --------- -
Grades ' ) Jet A Jot A-1 Jet B
Bffective Date: . - e e a e e e e e o= 1966 = = = = 7 7 - = === - - o
Typa. S Kerosene Kerogene_ Wide-Cut

.Grav:lty, o.m Min.' (Sp Gr. Max.) - 39 (0.8293) . 45 (0.8017)

. Gravity, °API Max. (Sp. Gr. Min. )' 51 (0.7753) 57 (0.7507)
DiatillatiOn, oF (°C). '

_10% Evaporated 400 (204.4) Max, - - -
. 20% Evaporated. ‘ - - 290 {143.3) Max.
" 50% Bvaporated 450 {232.2) Max, 370 (187.8) Max,
9% Evaporated ‘ - 470 (21.3.3) Max
. Finel Boiling Point 550 (287.8) Max. - -
- Resldue, Vol. % 1.5 Max. .5 Max
. - Lose, Vol. % - o 3 1.5 Max, 1.5 Max,

- Flash Point, °F (ﬂc) Mio. - A 110 {43.3) ----

" Flash ‘Point‘, oF (&C) Max. M 150 '(65.6) -
Reid Vapor Pressure, psi. E -—_-— 3 Max.
Aromatics, Vol. % A 20 Max. " 20 Max,

.~ Olefina, Vol. % ' s - - 5 Max,
Sulfur, Total, WE. § . . ' 0.3 Max, " 0.3 Max,
Mercaptan Sulfur, Wt, % . I 0.003 Max. 0.003 Max.

" or Boctor Test E . PaBs Pass
- Total Acidity, mg KOH/gm ‘T 0.1 Max, -_=-
GOpper Strip Corrosion o
3 Hours at 122°F (509C) - No. 1 Max: - -
- 2 Hours at 2120F (100°C) e e - o No, 1 Max.
BExistent Gum, mg/100 ml 7 Max. 7 Max.
Total Potentisl Residue e T :
16 Hour Test, mg/100 ml L | 14 Max. 1/ Max.
Thermal Stability 300/400°F (Li8. 9/201. Acc) : :
AP (5:Hours at 6 1b/hr),. Inches Hg - i 12 Max. 12 Max.
Preheater Tube Deposit- , , } ‘<3 (3
i v .
Freezing Point °F (°C) -3 (-38) Max. -54 (~48) Max. -56 (~49) Max.
Viscosity at -30°F (-34. 4°G), cs ‘A 15 Max. . . ’ - -
. Heat of Combustien, Net BTU/lb 18,400 Min. 18,400 Min.
or Anlline-Gravity Product .../ -— - -———
Heat of Combuastion, Net BTU/gal Raport Report
Combustion Properties - Must Pass Ona o
1. Luminometer Number - S 45 Min. 50 Min,
2. Smoke Point, mm A 25 Min, - -
" 3. Smoke Point, nm . M 20 Min, . - - -
: and ‘16 Hour Lamp Burning Taat E Pass - -
. 4. Smoke Point, mm . 20 Min. ---—
: and Naphthaleneé. Vol. % A 3 Max. -_—— -
5. Smoke Volatllity Index . (al} s p— 54 Min.
Water Telerance, Vol. Chaenge, ml J +l 1
Interface Rating E - - - - - =-
Electricsl Conductivity T
Picomho/meter at Delivery Temp ----------
A=l
' Additivee ) )
Antioxidant a ‘
- Metal Deactivator - By agreement
* Corroslon Inhibltor betwsen vendor
‘Anti-Iclng and purchaser -
Antl-Static
v

Smoke Polnt + 0.42.(Vol. % Evaporated at AOGQF (204,.4°C))
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2. Flash Point - The flash point which is normally determined
only for the aviation kerosenes, is an estimate of the minimum temp-
erature at which sufficient vapor is released by the fuel to form
a flammable vapor-air environment at one atmosphere pressure. For
pure hydrocarbons, such as n-alkanes, flash point data have been
successfully correlated with lean flammability limits as well as
vapor pressures.(l7), However, because of’experimental errors,
apparatus effects and fuel fractionation, flash point data for :
turbine engine fuels. lose a good deal of their fundamental signifi-
cance. The usefulness of flash points with respect to turbine
engine fuels sheculd be limited to establishing relatively large
flammability differences between fuels

A comparison of some’ flash point data obtalned by the Pensky-
Martin closed cup method, with the lean flammability limits, de-
. termined in this investigation, confirms that, although flash’ -
_points do provide a satisfactory method for approximating lean’ ‘
flammability limits of pure materials, they fail to give a good
corgelation for turbine engine fuels. This is shown in Table III.

TABLE III .

\

COMPARISON OF FLASH POINT DATA WITH THE LEAN FLAMMABILITY
LIMITS OF HEXANE AND TURBINE FUELS -

Flash Point, ©F Lean

‘ (Pensky-Martin  Flammability  Difference . .

Fuel ' ~__Closed Qup) Limit, OF OF _
Hexane o , =23 (l?) - -17 46
Jet & 125 98 | -27
Jet A;l_(Batch‘l) 120 161 -19
 Jet 4-1.(Batch 2) ng % | -26
Jet'B  (Batch 2) <-30 S 20 >10

Jeot B (Batch 3) ‘< -30 % o -é >22

* adaptation

3. Distillation Range ~ The distillation ranges of the fuels.
reported during these investlgations are included in Appendix I along
with the results of the other pertinent specification tests.

1



The exact behavicr of multiple component aystems such as turbine:
engine fuels defies description. HNevertheless, by mere inspection.
of the data in Appendix 1, the lower and the relatively broader dia-
tillation ranges of the wide-cut turbine engine fuels demonstrates
that they have a considerably greater proportion and variety of
Iight ends, i.e. low molecular weight and high vapor preasure hydro~
carbons, than the aviation kerosenes,

Asids from.this qualitative insight, the distillation data are
useful for calculating the vapor pressures of these fuels. For
example, Zengel, et &l, reports a method for calculating vapor pres-
sures, on the basis of distillation data, with a precision claimed .
to be within 5 percent (18). Difficulty is usually met however,
in obtaining suitably accurate distillation data, especially for
the lower boiling point components. Distillation data, of the type
normally obtained for specification requirements, are used for cal-
culating the equilibrlum combustibility envelopes of turbine engine
fuels. '

4. Vapor Pressures - Vapor pressure. affects flémmability by -
controlling the amount of fuel in the vapor space.' In a fuel tank

- which is only partially .filled with fuel, the fuel molecules escape

from ‘the liquid into the space above it. If it is a closed vessel,
the space is limited and the molecules will steadily accumulate in
the vapor space. As the number of molecules increase in the apace,
the number of molecules returning to the liquid increases according-

ly. If the temperature is maintsined constant, a condition of equi- .

librium becomes established when the number of molecules leaving the
liquid equals the number of’ molecules returning. The pressure which
the liquid molecules{exert in the vapor space is the vapor pressure.
In theory, then, it bescomes apparent that knowing the vapor pressure
at a particular temperaturs for a-closed system, and knowing the
volume of the available vapor space (ullage), a fairly accurate
estimate of the amount of fuel existing as a vapor can be made, pro-
vided of course that the liquid and gas behave in an ideal manner.
However, the vapor pressure data that are generally available from

‘specification testing are the Reid vapor pressures, which are usually
‘reported only for the higher vapor pressure, wide-cut turbine engine

fuels. The Reid vapor pressure data suffer. with respect to their
usefulness in calculating fleammability limits since they represent
vapor pressures only at a temperature of 100°F. In order to calcu-

‘late flammability 1limits, the vapor pressures of the fuel must be

available for an e#tended‘temperature range. -



Equilibrium Flammability Characteristics of Turbine Fuels

: 1. Description of the Equilibrium Fiammability Envelope - A
closed tank, which is only partially filled with fuel, and kept at a
constant temperature, would eventually form an equilibrium condition
between fuel and vapor. By definition, equilibrium and maximum fuel/
air ratio are synonomous. Because of this natural limitation, equili-
bruim is the basis for all experimentation since it is not only repro-
ducible but is also applicable to theoretical and thermodynamic treat-
. ments. - . ' o A )

* .The vapor space in a fuel tank varies in ite flammability accord-
ing to the concentration of evapcrated fuel in the available air.
Reducing the fuel to air ratioc below a definite minimum value produces
a vapor space mixture which is too lean in fuel to burn. Likewise,

- there is.a limiting maximum fuel/air ratio, which when exceeded,
‘results in a vapor space mixture too rich in fuel to be flammable. .

-~ When considering only equilibrium conditions, the particular fuel/ -

- air ratio which cen exist is determined by the temperature.and pres-
~sure of the system. The tempersture determines the quantity of the -
fuel by controlling its vapor pressure, and the altitude determines

. the quantity of air. Therefore, by a suitable combination of tempera-

ture.and altitude, under equilibrium conditions, the ullage of a fuel

tank can be made either flammable or nonflammable. A o

+ The environmental parameters of temperature and altitude which -
will affect the flammability of the tank ullage, are illustrated by

the use of the "flammability envelope". A typical flammability en-

- velope is shown in figure 1. SR

NONFLAMMABLE
‘REGION
~ (too rich}

rich limit

ALTITUDE
D gy

NONFLAMMADLE
REGION
{tec lean)

TEMPERATURE
Dy ]

Figure 1 - Typical Flammability Envelope
of an Aircraft Turbine Fuel
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~ For aircraft turbine fuels, the lean limit fuel/air ratio is
reported to be approximately 0.035 (14). The rich 1imit "designates
the maximum fuel/air ratio that is flammable. For aircraft turbine
fuels, the rich limit fuel/air ratio Is reported to be approximately
0.26 to 6.28 (14). For calculation purposes, the 0.28 value was

~used in this investigatlon.

Extreme changes in temperature moderately affect the fuel/air

‘ ratiOS representing flammability limits. For example, based -upon

data reported by Zabetakis (6), the lean limit fuel/air ratio-of
methane is 0.033 at 77°F and 0.035 at 212°F., The rich limit fuel/

_ gir ratic of methane is 0.102 at 77°F and 0.107 at 212°F The

limiting values are .also not affected significantly by changes in
pressure. Therefore, when considering the temperature and pressure
ranges which are applicable to the environmental conditions encounter=-
ed by commerc¢ial aireraft, the limiting fuel/air. ratios. can be assumed

" to be relatively constant. ' The reasonableness in treating the

limiting fuel/air ratios as being constant is further supported by 71‘
the fact that the fuel/air ratios; which were.referenced previously,

" are only average values. It is probably true that the variations.

- in the limiting fuel/air ratios which result- from compositional
difference betwsen fuels is far greater than any deviation produced
by the temperature and pressure variations of flight.f Taking these-.
‘factors into account, we may treat the lean flammability limit and’

- rich flammability limit a8 lines which designate constant fuel/air
‘ratioa, and are. respectively O, 035 and 0,28.

The equilibrium flammability envelopes can be altered by a.
humber of variables. A listing of some of these variables is as'
follows' ' : ~

“a. Nature of Aircraft Turbine Fuels

(1) Varying flammability limit fuel/air envelopes which are

- characteristic of the. predominant hydrocarbons present in the fuel
- fraction that hae been vaporized.

(2) Variable vapor pressurea.

(3) Changing character of the- liquid fuel caused by evapor-

,"ation‘of light ends.

'b., Mechanical Effecte :

'1(1) Tank or chamber design ‘and geometry._l o o
(2) Wall effects which can modify combustion reactione.
‘”(3) Intensity and nature of ignition eource.

(4) Mechanical epraying of fuel euch as by tank booat pumps.

l9‘



¢. Flight Environmental Effects

gl) Altitude changes.

(2) Temperature chﬁnges.

(3) Variable ullage.

(4) Tank ventipg.‘

(5) Spraying offfuel by the agitation due ﬁb aircrgft,mbtion.

“.:(6) Mixiﬁg-Qf fuel; as‘during refueling operations.

f“rﬁd. lDefinltion of a Fl;me -~ The exact temperatures and pressures .
which are designated by a particular flammability envelope depend
upon the investigator's definition of a flame. Such a definition

may be based upon arbitrary subJective charscteristics or instrumental
parameters. :

N

Experimental Equilibrlum Flemmability Envelopes as Determined
by the Vlsual Method - The classical approach for defining flammability

limits of gases in a closed system when using electrical spark igni-
tion, involves the ‘use of a glass tube combustion apparatus, and
visually confirming a resultant flame upon spark ignition. Zabetakis’
- defined a flammable fuel/alr ratio as one where the flame propagation
is essentially independent of the ignition source. This character-
istic is established by the ability of the flame to traverse a mini-—
mum distance of four feet along the tube (5, 6). A .nonflame, in

this report, is defined as one where no visual confirmation of a
flame could be made, or the flame felled to propagate the minimum
dlstance of four feet

‘ A glass tube’ apparatus and techniques were developed to establish

flammability envelopes especially for aircraft turbine fuels. A de-
tailed description of this apparatus and experimental procedure 15
given in Appendix II, "Glass Tube Combustlon Apparatus"

The distinguishing feéature of this particular combustion appar-
atus, which made it applicable to fuels, is that the fuel sample was
retained in the combustion apparatus throughout the entire experi-
mental procedure, including ignition. This  design feature made
possible the formation of the natural equilibrium fuel/air ratios
from the liquid fuel, and avoided the difficulties involved in pre-
_paring valid mixtures of eir and vaporized fuel components.

10



The eombustlon apparatus, which was used for detprmlnlng the
equilibrium flammabiiity envelopes, had incorporated in its design
certain characteristics that minimized the epperatus effects which
distort the flammability envelopes., These characteristics are
described in Appendix IV. ‘The suitability of the glass tube appa-
ratus, ignition system and techniques were confirmed by determining
experimental equilibrium flammability limits for n-hexane {Appendix

"IV)  and comparing these data with the theoretical values and limits

that were established by other investigators., This comparison of -
the n-hexane data is made in Table XII of. Appendix IV.

The bhasic procedure employed throughout the glass tube combus-
tion experiments involved the introduction of a constant volume fuel
sample into the combustion apparatus. Before the introduction of -

fuel sample, the apparatus was evacuated to a vacuum of 29 to 29. 5

inches of mercury and made completely void of fuel vapor by a
constant air purge. The volume of fuel was standardized to produce
a ullage of 87.5%.. The apparatus was maintained at the desired -

_experimental temperature throughout this procedure.

" The flammability envelopes were determined graphically, select-
ing a line beyond which no experimental flammable points were ob-
served. This method for establishing the limit was selected on the
basis that it provided a conservative representation of a flamm-
ability limit., This characterizaticn of & limit differs from that of"
some other investigators who define a limit as the limiting mixture
composition between flammable and nonflammable mixtures (6). Appli-
cation of this latter definition on a statistical basis may result
in flammability limits with a random scatter of flammable points
about the line, Although technically correct this inherent scatter
shows flammable points in nonflammable regions of the envelope.

Therefore by using the former designated graphical technique, this

apparent ancmaely was avoided. In either case, however; the differ-

' ences between the types of limits, depending upon the definition,

were only minor., The limits determined by averaging points between

.8 flame and nonflame would be located approximately 5°F within the

envelope as compared with the limits which were graphically located
to restrict flammable points within the flammability envelope.

The flammability envelopes of the aviation kerosene type fuels
{Jet A, figure 2, and Jet A-1, figure 3), differ from the wide-cut

- turbine engine fuels (JP-4, figure 4, and Jet B, figures 5 and 6),

primarily in their temperature ranges. From Table IV, which summar-
izes the equilibrium flammability data, the aviation kerosenes have
an average experimental lean-limit at sea level of about 100°F and
a.rich 1imit of approximately 180°F. (Data of two of the fuels shown
are not included in figures 2 through 6.) For the wide-cut turbine

'J‘englne fuels, the lean and rich limits at sea level are about -10°F

end 50°F, respectively. The slopes of the lean limits, for either
fuel, generally showed a higher rise in altitude for each degree -

- Fahrenheit reduction in temperature than did the rich limit slopes.

11
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3 Calculated Flammability Limits - The method for calculating
.flammablllty limjts of turbine fuels is described in Appendix V.
 Using this method the flammability limits were calculated for four
samples of wide-cut turbine fuels and three samples of aviation -
kerosenes., - The results are shown in Table IV, along with the exper-

- imental datae for the same. fuels. This table shows that agreement
between calculsted and experimental results varies from quite good

to poor. The kerosene flammability limits appear to be more amenable-
to satisfactory calculation by the method used than are the wide—cut
fuels.

. There are several potentlal sources of error which may lead to
~ these differences in results. Several generalizations are made in

" . utilizing, for heterogeneous fuels, equations which are derived for

use with pure compounds: The normal boiling peint, entropy of
vaporization and molecular weight of the vapors are estimated by

- empirical relatlonships with the A. S.T.M. distillation character-

istica of the fuels. These specific relationships are not necessar-
ily valid for ell fuel samples, especially among the wide-cut fuels,
- and the- distillatlon method used is not as precise as could be
~desired. ‘



TABLE 1V

CALCULATED FLAMMABILITY LIMITS.OF TURBINE FUELS

" Lean Limit, °F = __Rich.Limit,' oF

: “Calc Experi-~ = - Cal- Experi-- ,
Altitude culated mental ‘Error culated mental Error
) _(e) . () (&) () i)~ _(a)
WIDE-CUT TURBINE ENGINE FUELS o
IP-4 Sea Level 10 . -4 14 . 75 . 63 12
40,000 - -32 ° -48 . 16 19 <6 .25
© Jet B, o u o . S _Q R |
Batch 1  Sea Level 5 -11 16 69 48 A
. 40,000 -36 =57 ]l . 14 . -l - 15
' ;Jet B, ‘ \ : o _-‘ - -
- .Batch 2  Sea Level 6 -20. ~ 26 . M 38 33
o 40,000 - =35 . =53 18 * 15 =2 17
: Jet;ﬁ; ' ' | | o o
Batéh 3~ Sea Level 14 -8 (e) = 22 79 56:.{e) 23
40,000 ~28 -55 (e) 27 23«8 (e) 31

Average Error R0 o . R

AVIATION KERDSENES

Jet A Sea Level 111 97 1 . 18 = 172 14
. 40,000 60 53 7 123 116 7
 Jet A-1, | . | o - =

~ Batch 1 . Sea Level = 111 100 11 186 185 1
L 40,000 - . 60 . 54, 6. 123 11 . 12

' Jet A-l, Sea Level 106 89 (e) 17 181 184 (8) - =3 .
' Batch 2= 40,000 59 41 (e) 18 118 102 (e) - 12
' Average Error R 7

(a) Based on fuel/air ratio of 0.035 (wt.)
(b) Based on fuel/air ratio of 0.28 (wt.)
(¢) Glass tube combustion apparatus.:

(d) Calculated minus the experimental value. |
(e) Dynamic combustion apparatus.
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Another source of errcr may be in the use of standard or average

values for the lean and rich flammabiiity limit fuelfair ratios,
There is significant variation in these parameters among pure hydro-
carbons as shown in Table ¥. The actual vapor composition in tanks
containing turtine fuels is unknown and.is certaln to vary signifi-
"cantly among various types of fuel and at various temperatures.
. Therefore it.is quite possible that the flemmability 1imit fuel/air
retios for the vapors may be different from the standard ratios. As
the method must assume standard values to be applicable to all fuels,
errors are unavoidable. -

1LIMITING FUEL/AIR RATIOS OF PARAFFINIC HYDROCARBONS

fean Limit : Rich Limit

Vol. Percent - ! Vol. Percent- - A
(Ref. 6) Wt. Ratio  _ (Ref. 6) Wt. Ratio
methene 5.0  ° .029 15.0 . .098
ethane 3.0 .032 12.4° o
propane , 2.1 ".033 9.5 . .160.
n-butane 1.8 037 8.4 - .18
‘n-pentane - 1.4 035 7.8 ,';211”'
n-hexane 1.2 .03 N
n-heptane 1,05 037 6.7 249

The effect of errors in the fuel/air ratio can be seen by
calculating the limits for a fuel for which the flammability limit
fuel/air ratio is well known. Table VI . shows these values for!
n-hexane, a pure hydrocarbon compound which has been thoroughly
investigated experimentally. The equilibrium lean end rich limits ;
in terms of temperature are shown as calculated from the standard
"gverage" fuel/air ratios used in this report, and from the actual
limit fuel/air ratios. These limits are compared to those obtained
experimentally in this program using the four-inch dlameter glass
tube with high energy spark. There is appreciably better agreement
when the actual fuel/alr ratios are used.

16
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TABLE VI

—

CALCULATED FLAMMABILITY LIMITS OF n-HEXANE

Lean Limit, OF
Altitude Fuel/Air '

{(Ft.) ‘RatiQpr. Calculated . Experimental (a) Error (b)t
Sea Level .035 (c) -18 =17 ";1.
40,000 .035 (e) -57 -59 2
Sea Level  .0361 (d) ~17 -17 0
40,000 .0361 (d) ~56 > 59 3

_Rich Limit, °F
Sea Level . 0.28 (e¢) Cbh | % - .8
40,000 0.28 () - -8 | ;192‘ ‘ 1
Sea Level  .238 (d) T £ 2
' 238 (@ -13 19 Y

40,000

(a) 4-inch diameter glass tube apparatus :
(b) Calculated minus the experimental value
(c¢) Average fuel/air ratio (14)

(a) Experimental derived fuel/air ratios. (6)

Effect of the Fuel's Prior History on the Equilibrium Flammabllitz
* Envelopes

1. Storage - The fuels, Jet A and Jet,B, were stored for four
months in a vented tank at ambient pressures and temperatures. The
temperature fluctuations were moderate, occurring within the narrow
range of 70:15°F. At the conclusion of this four-month storage
period, flammability envelopes were determined using the four-inch
glass tube combustion apparatus and the high energy, 20 joule, a.c.

. spark. The resultant flammability envelopes are shown in figures 7
and 8 which also include the envelopes of the fuels prior to storage.

17
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1

The envelopes for the stored fuels are almost identical to the
envelopes representing the original fuels. The minor deviations in
the slopes and intercepts of the limit lines are considered to be
within the repeatabllity of the determination and ars therefore not
significant, :

"2, Flipht Conditioning - Unused fuel remaining in an aireraft
is fuel which may have been exposed to some extreme environmental
conditicns. It is the purpose of this phase of the investigation
to determine if fuel, exposed to a simulated flight cycle (takeoff-
agcent-continued flight-descent-landing, etc.) would deviate from
its normal flammability envelope. Flight conditioned fuel, as .
referred to in this report, is fuel which had been weathered by a
series of pressure fluctuations to simulate a hypothetical flight -
profile. This hypothetical flight profile is described in Table Vii.

" Flight conditioning involved only the pressure changes associated.

with the respective altitudes. No attempt was made to vary the

- temperature of the fuels to simulate temperature variations which -

would occur at these altitudes, With the fuel remaining at room .
temperature, the severity of the flight conditioning treatment

. colld be considered greater than would occur in actual flight
during which the colder temperatures at altitude would tend to
" reduce evaporation losses. Table VIII lists the experimentally -

determined flammability limits.for both the normal and flight

conditioned Jet A-1 and Jet B fuels. The limits shown are at the
altitudes of 0, 20,000 and 30,000 ft. A comparison of the limits -
for“the Jet A~l fuel indicates that in spite of the severity of the

- flight conditioning treatment, no significant changes were produced.’

However, the flight condltloning of the more volatile Jet B altered
the slope of the rich limit from 1000 ft. to 2000 ft. per: °F. The
equilibrium flammability limits of the flight conditioned Jet B at
gsea level were similar to those of the normal fuel. The differ-
ences between the limits of the two fuels increase with increasing
altitudes. Tnerefore, although the data are limited, they suggest
that flight conditioning has little effect on the less volatile
aviation kerosenes, and increases the slopes of the limits for the
nmore volatile, wide-cut turbine engine fuels. :

3. Fuel Mixing - Because the availability of the various -
type fuels differs with location, mixing of fuels in aircraft fuel.
tanks is conceivable (1). An aircraft tank, partially filled
with the unused portion of one type of fuel, may be refueled with
another, Thus, for example, Jet A may be intermixed with Jet B
in al1 possible. proportlons. To establish what effects this mix-

~ ing might have on’the flammability of the blended fuel, intermediate

blend formulations were prepared and their equilibrium flammability
characteristics were determined.
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TABLE ViI .

HYPOTHETIGAL FLIGHT PRDFILE ADOPTED FOR
“FLIGHT GONDITIONING" FUEL _

Voluﬁe of Fuei: 5 gallons | Volume of Tank: 20'gallons

Temperature: 80° to 90°F
- 'Final  Rate of " Time Duration’
Initial Altitude, ~ Ascent, at Final
Altitude, thousand thousand < Altitude,
. Step. thousand feet _ feet = feet per minute’ Hours
1 ‘o 4 10 2
2 40 0 - - 3
3 o. 10 2 R
4 10 .0 - N
5 0 40 5 L2
6 40 | 0 - EX
7 0. 40 10 S S
8 40 . 0o - “o. Bnd of
: : ", Conditioning
TABLE VIII

FLAMMABILITY LIMITS OF "FLIGHT CONDITIONED" FUELS

* Altitude, * Lean Limit Temp., F _Rich L;g;t Temp. , °F

thousand - Normal ~  Conditioned  Normal®  Conditioned
. feet ‘ Fuel Fuel - Fuel - ___Fuel
T JET B, BATCHZ2 . .

o . -0 = a9 38 38

20 =% 32 18 27

35 - <49 - 3. ar

| . ' JET A-1, BATCH 1
0 100 % .18 . 187

200 76 73 us 149
33 59 57 119 119
20
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The resultant equilibrium flammability data are summarized in
Table 'IX. The data tabulated show the flammability limits at ses
level and their slopes for the four test fuels. These fuels were

- made up of Jet A and Jet B in the following propertlons: 0/100, .

50/50, 75/25 and 100/0. It can be observed from Table IX that, as

the relative concentration of Jet B is reduced and that of Jet A

is increased, the limit temperatures increase and the slopes decrease.
The variatlon of the temperature ranges of the flammability limits

at sea level with the relative concentrations of Jet A and B is
illustrated. in figure 9. It also shows mixing two fuels of divergent

‘vapor pressures does not broaden the temperature range of the result-

ant envelope. Instead, thes temperature range shifts as a non-linear
functlion accordlng to the relative vapor pressure of the mix.:

 TABLE IX

BLENDING OF JET- A AND JET B FUFLS

Equilibrium Flammebility Data

S Lean Limit Rich Limif -
Fuel Intercept Intercept
' Jet B . at st

Jet A, Batch 2 Sea Level, Slope, Sea Level, Slope,
4 % __oF K.ft./oF " °F K.ft./oF
- 100 =20 . -l.22 38 - =1.00

50 50 -4 -l02 5l -0.93

75 25" 17 - -0.93 83 -0.81

100 - 97 0.91 172 -0.71

By interpolating the éea ievel iﬁtercepts the flammability envélope
of the mix 85% Jet A/15% Jet B was ‘evolved. This envelope is shown

in figure 10, in conjunction with the envelopes of the basic fuels,

This particular blend is of significant interest since it 'straddles.
the nonflammable region that normmlly separates the envelopes of the
Jet A and Jet B, The significance of this normally nonflammsble
region and its coincidence with the 85/15 mix is made more apparent
when evaluated in terms of the probable fuel temperature occurring

in-flight. The Goordinating Research Council reported fuel tempera-

ture ranges estimated to include 95% of all operations in the alti-
tude range of 35,000 to 40,000 feet (1). In figure 11, these ranges
are . presented in conjunction with the limits of flammability for the
respective fuels at 40,000 fest. This figure illustrates that the’
85/15 blend tends to produce equilibrium flammability limits that have
a higher probability of being within aircraft operating temperatures
than do either of the base fuels.
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- Effect of Simulated Alrcraft Dvnamics on Flammabilitx

During routine airline service, practicelly all flights ex—-
perience some degree of rough air. Based on a five day observation
progrsm by the U.S. Weather Bureau, the probability of alrcraft
“experlencing more than moderate turbulence, is 5% (20). This’
phase of the 1nvestigation was to assess the effect that aircraft
flight environments can have in modifying fuel flammability from -
that observed under equllibrium conditions. :

l. Behavior of Liquid Fuel in a Tenk - A serles of fuel slosh -

ﬁank'experlments were conducted to develop some background into the
physical phenomena of sloshing and vibration. & detailed review of

the results of these fuel slosh experiments is presented in Appendix VI.
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A 3

These experiments primarily consisted of recording the conditions
within an agitated model fuel tank, by means of high speed photo-
graphy. Through the resultant photographs it was possible to
estimate. . the proportion of the tank ullage where spray existed. -
This degree of spray formation was then related to s number of
variables: frequency of vibration, rocking, tank baffles, ullage

".and fuel type. Vibration amplitude, although an important pars=

meter, was not included because of limitations of the facilities.

‘Thé important results of this study indicated that there
existed two types of spray, designated according to the 'manner in
which it was formed. Spray can be formed by rocking, such as. when
fuel sloshes back and forth in the tank, Spray can also be pro-
duced by vibration. The vibration spray may be visualized as form~
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 Figure 10 - Flammability Znvelope of the Fuel Blend,
R 85% Jet A/15% Jet B
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Figure 11 - Estimated In-Flight Fuel Temperatufes
Compared to the Equilibrium Flammability Envelopes

ing from finger-like projections of liquid, which appear at the sur-
face of the fuel from longitudinally transmitted vibration energies.

The fuel projection elongates and then disintegrates, propelling spray
droplets up through the vapor space. Vibration, within the range of -
12.5 to 15 c.p.s. at 1/8 inches, produced far more spray than rock-

ing at ‘the rate of 5 to 25 cycles per minute. O0ddly enough, within
these ranges, increasing the rate of rocking tended to reduce spray.
‘It was observed that increased rocking produces a layer of foam on
the surface of the fuel which in turn absorbs the vibrational energy
being transmitted to the surface of the fuel, The layer of foam also
acts as a barrier to any propelled spray droplets. With respect to
fuel type, the wide-cut turbine engine fuel, was more 'subject to
spray formation than the aviation kerosene, This was due to the fact
that under the influence of rocking motion, the aviation kerosene

produced considerably more foam than the wide-cut turbine engine fuel.

The foam in turn reduced the spray produced by vibration.
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The magnitude of these simulated aircraft dynamic conditions
should not be considered extraordinary. This can be seen by com--
paring the experiments] vibrations to ths recorded flight data
listed in Table X. - Kunkle (24) also reports observations during

low altitude turbulent flight, of a cocmmercial asircraft, where wing . -

vibrations could be as much as +2.7 inches at 3 c¢c.p.s. ‘Therefore,
the levels of spray observed during the course of these slosh tank
axperiments should be considered quite realistic with respect to '
condltions ‘existing. within a tank during turbulent. fllght

TABLE X

TYPICAL WING VIBRATION SPECTHEUM
* APPLICABLE'TO MILITARY ATRGRAFT

Doublé

o ‘ Ereouency : | Amplitude,
Aircraft o C.D.S, - - __inches
F-100 (ref. 21) 05t - o1
F-106 (ref: 22) . 0.5 to 10 ‘t'. \ 0;087
B-58 (ref. 23) 0.5 to 0.7' | t-o.3

2. Dynamic- Combustion Apparatus = The dynamlc combustion
gpparatus was designed to establish the flammability characteristics -
of turbine fuels under both equilibrium and dynamic envircnments, .
A detailed review of .this apparatus and experimental procedure is
made in Appendix VII. ™ :

On the basls of the conclusions drawn from the model tank
studies, vibration was selected as the form of aireraft dynamics .-
most sultable for producing fuel sprays. By mounting the combustion
bomb within a temperature control chamber on an electromagnetic '
shaker, it was possible to conduct ignition studies through a wide

o spectrum of conditions. Flammability parameters could then be re-
. lated to fuel spray in addition to fuel type, temperature and alti-
‘tude. C

On the basis of a: prior calibration of spray height versus
vibration frequency and amplitude, flammability of turbine engine

fuels: wenastudled with respect to the following conditlons'
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. a. Static combustion which was characterized by equllibrium‘
~ vapor space condltlons ;

b, Dynamlc combustion which was characterized by the pre-
sence of sprayed fuel within an equllibrlum vapor space.

(l) The point of‘lgnitionfoutslde the spray envelope..

(2) The poinﬁ of ignition‘inside the spray envelope;r

3. The Relative Flammability Envelope - The .classical defini-
tion. of flame, requiring the visual confirmation that the flame -
propagate independently of the ignition source, could not be applied
‘to the dynamic combustion apparatus. ' With this capability absent, '
the same equilibrium flammability envelopes developed with the glass

tube apparatus could not be determined. However, it was found that . - )

the "relative flammability envelope" which was determined on the
basis of the instrumental data of pressure and temperature changes,
could be substituted for the "equilibrium flammability envelope".

 Primarily, this relative flammability envelope is based upon the o
observation that as the fuel/air ratic increases at constant altitude, .

- there is a corresponding transition from a region of low ignition
reactions to a region-of high ignition reactions. With a further

~ increase in fuel/air ratio the high reaction region again reverts. .
- to one of low reactions. This appears to correspond to transitions
~of the regions of flammability as defined in.the dlscu531ons of
equllibrium flammability enve10pes.‘

The pressurs. and temperature rises which were produced at igni— flh
tion were recorded simultaneously on a dual -trace oscilloscope. . Some .‘

examples of these oscillograms which were obtained during the study .
of Jet A-l are shown in figure 12. The upper left oscillogram re-.
presents ignition at the simulated altltude of 30,000 feet and

. temperature of 50°F, No instrumental response could be noted at:-

' these environmental conditions. However, when the tank temperature

- was .increased to 62°F at the same altitude of 30,000 feet, ignition

- was accompanied by a temperature increase of 135°F and a pressure '
" increase of 15 p.s.i. This is shown in the upper right oscillogram
of figure 12, Similar effects are noted on the bottom two ogeillo-

' grams of the same flgure. These represent ignition at -sea level

The bottom left. oscillogram represents ignition where the temperature
-was maintained at 87°F, ' The temperature and pressure changes which
resulted are very slight, being 25°F and 1 p.s.i. The magnitude of
‘these low ordered transients bordered on thé sensitivity limitations
- of the existing instrumentation. When the environmental temperature

“* 'was increased from the previous 87°F to 95°F, high 1gn1tion responses -

{were produced, namely 285°F and 8 p. s.i.
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Figure 12 - Representative Oscillograﬁs Showing -
the Ignition Phenomenon at Equilibrium Conditions

When pressure transients which were producéd at a common alti-

‘tude range were plotted as a function of temperature, the transition ks

between the low and high reaction regions became apparent. This

- effect can be seen in figure 13 where the pressure transients ars
* recorded which were produced at the two ranges of 20,000 to 30,000

feét and sea level to 10,000 feet. In both cases, there appears to
be a definite grouping of pressure transient data according.to their -

. relative magnitudes. The low reaction region appears to encompass

pressure transients from zerc to 4 p.s.i. When temperatures ex-

‘ceeded 62°F in‘the upper figure and 90°F in the lower figure, the

pressure transient values increased almost tenfold from those of the
low reaction region. The envircnmental conditions where the pressure
transients exceed this empirical A4 p.s.i. appears to define a'

1imiting value between the low and high reaction regions. In a

similar fashion, figure 14 shows that the transition temperature of
4 50°F defines a similar limit between the low and -high reaction
regions. On the basis that an increase of either 4 p.s.i. or  500°F

defines the transition between the low and high reaction regions, .
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the relative flammability énvelopes were determined. The limits
shown in the relative flammability envelopes are the transiticn .

limits.
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4. Relative Flammability of Jet A-1l at Equilibrium - The rela-
- tive flammability envelope under equilibtrium conditions for Jet A-1,
as determined with the dynamic combustion apparatus, is shown in

figure 15. In: the same figure, the squilibrium flsmmability envelope;_'

as determined with the glass tube combustiocn apparatus is also pre-.
sented for comparison purposes. It can be noted that the two limits."
are similar, in spite of the fact that'the types of apparatus and the
‘combustion deflnltions are not alike. ‘ :
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TAMPEGATURE, P

Flgure 15 - . Relative Flammablllty Envelope
of Jet A-1 at Equilibrlum

. The pressure and temperature rises were plotted as a function
of the temperature differentisl between the test and limit tempera-
tures corresponding to the simulated altitude of the test. These
plots are shown for Jet A-1 in figures 16 and 17, where the data
obtained at all altitudes are grouped together.. Insufficient data -
were available to group these data according to specific altitudes. The.
estimated profile of equilibrium data points shown in figures 16 -
and 17 provides the basis for comparison with the data obtained =
under dynamic condltions. - o : - '
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The pressure proflle of Jet A-1 demonstrates that as the en-
vironmental temperatures are increased, representing a transition -
through the relative flammability envelope, the resultant pressure
rises reach a maximum within the envelope. The magnitude of the
pressure riss is a function of the initial pressure. This effect
was shown in figure 13, and contributes to the vertical scatter of
the data. The temperature profile for the equilibrium combustion
of Jet A-1l is similar to that of the pressure profile. The magni-
tude of the temperature reaction increases with. increasing penetra—
tion of the relatlve fl&mmabllity envelope .

5. Relative Flammability of Jet B at Equilibrium - The relative

flammability envelope of Jet B at equilibrium is shown in figure 18.
This. envelope is also defined by the transition limits based on -
pressure rises greater than 4 p.s.i. and/or temperature rises greater
than 50°F. The pressure and temperature proflles, representing
equilibrium ignition conditions, are shown in figures 19 and 20.

The primary difference betweea the-Jet B and Jet A-1 envelopes, .

other than their different locatlons on the temper&ture scale, appeafs "

in the magnitude .of their respective pressure profiles. .It appears
that, for an equivalent temperature difference within the envelopes,
Jet B produced epproximgtely 30% higher pressure transients near the
lean limit and 80% greater pressure transients near the rich limit
than were recorded for Jet A-l. :
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Figure 18 - Relative Flammability fnvelope of Jet B at Equilibrium
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6. Relative Flemmability of Jet 4- 1 under Dynamlc Conditions

'with Ignition Outside the Spra Pattern - By maintaining a vibration
- frequency of 10 c.p.s. at il716 inch, a spray was produced which did

not reach the igniter.. With this’ level of spray, the pressure and
temperature transients were determined at the simulated altitudes
of sea level and 25,000 feet. These data are shown in figures 21
and 22 in conjunction with the lean region of the static pressure
and tempers ture profiles., It can be seen by the distribution of
the data that there is very 1little difference between the two cond-

“itions, Similar effects were noted at the rich region.. Therefore -

it can be concluded that when the point of ignition 1s not in the
vicinity of sprayed fuel, the pressure and temperature profiles:
are identical to static conditions, where equilibrium ex1sts.
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7. Relative Flammability of Jet A-1 under Dynamic Conditions

- with Ignition Inside the Spray Pattern - The vibration frequency of -
15 c.p.s. at +1/8 inch produced a ‘spray pattern of the fuel which ‘

completely enveloped the igniter plug. Pressure and temperaturs
transients were obtained at the simulated altitudes of sea level

and 25,000 feet. The data with ignition inside the spray pattern
are reported in figures 23 and 24. In ‘the dynamic pressure profile
of figure 23, it is quite obvious from the distributlon of data with
respect to the pressure profile under static conditions, that igni-
tion within the spray pattern has a marked effect. Using the
definition that the transition limit is characterized by a minimum
pressure rise of 4 p.s.i., the lean transition limit was extended
54°F at sea level and 32°F at 25,000 feet. No equivalent extension
occurred at the rich region. From a similar anslysis with respect
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o to temperature transients, in figure 2&, the.lean transition limit
" wds extended 50°F at sea level and 42°F at 25,000 feet. .By maxi- .-
'mizing the combined effects of pressure and temperature treneiente,

the lean transition limit was extended 54°F at sea level and L3°F -
at 25,000 fest. No change wds noted with respect to the rich .
transition limit.- . e

"8. Comparative Effects of Sprey on Turblne Fuel Flammabilitz

'A dynamic flammability envelope for a fuel tank with 1gnition in.

the fuel spray, was established by extending a straight 1line through
the dynamic limits established at sea level and 25,000 feet. Figure
25 shows this envelope superimposed on the’ envelopes of Jet A—l and
Jet B. An extension of the lean limit for Jet B is alao indicated
although the exact new limit was not established. - The net effect -

- of ignition in the midst of spray was to extend the lean transition
. limit of the Jet A-1 into the envelcope of Jet B. When the point of
Qignition was outside the spray pattern, the relative. flammability

envelope was identical to the envelope representing the static

-~ conditions of equilibrium. N
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Figure 25 - Effect,of,Dynamics on the Relative
Flammability Envelopes‘of,Jet A-] and Jet B
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’ & discussed .in the section dealing w1th mi.xed fuels, the

' Coordinating Research Council reported fuel temperature ranges .
estimated to cover 95% of all cperations at the cruising altitudes
of 35,000 to 40,000 feet (1), In figure 26 the in-flight fuel

temperatures are shown in conjunction with the stati¢ and dynamic"

. transition 1limits of the respective fuel at the altitude of 40,000
feet. It can be seen that spray, if a source of ignition were to
_oceur within the spray pattern, severely increases the duration

of potentially flammable ‘conditions with respect to the fuel, Jet

: A-1." However, because of the in-flight ‘temperatures involved, a-
" comparable increase in the ‘incidence of ‘potential flammability
due to spray was not noted w1th the fuel Jet B ‘

Ia) Trnnunnn limit |enprrnlures at-
40,000 [een

A(b) I-gn'gl.ivon in‘si(h': npr‘ay‘putt_ern‘ ‘ ‘
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Effect of Aircraft Ascent on the Relative Flammability Envelones of
Jet A-1 ‘ ‘ -

During climb, aircraft tank pressures are reduced. The climb °
is accompanied by a continuocus venting out from the. tank. This-
venting maintains a relatively small pressure differential f{rom
the continuously decreasing, atmospheric pressure. Reducing tank
pressure results in production of condensation-type mists. This
misting is also discussed in Appendix VIII. From photographic

‘evidence, these mists are a condensation of the vaporized fuel in

the tank ullaga,. The formation of the mist does not contribute . ;
to a change in the existing fuel/eir ratios, but only alters the
physical nature of the fuel already present in the vapor space. -
Part of the vapor takes the form of an aerosol. Since small, sus-

pended droplets have .flammability characteristics that are identi- .

cal to those of the vapor, the change in the physical state of the

" vapor space Tuel is not accompanied by changes in its flammability

characterisgtics. If there were no liguid fuel present, the fuel/air
ratio would ‘remein the same as originally existed at ground level.
As fuel vapors and air are removed with liquid present, the fuel.

. tends to release more vapors to compensate for those lost to main-

tain the vapor pressure of the fuel. This results in = gradual -

increase in fuel/air ratio as the vapors diffuse from the liguid |
. surface through the vapor space. The time required for this newly

vaporized fuel to diffuse through the vapor space to the position
where ignition occurs, is the rate controlling faetor in altering
the resultant flammability envelope. Other factors which can change.

‘the effective fuel/air ratio are oxygen enrichment due to outgassing

of oxygen-rich air from the fuel; and fuel foam and spray from

‘sudden outgassing. The latter dld not occur in the quiescent
‘ simulated climb of this test.

' To investigaté some of these effects, the Telative flammabllity -
envelope of Jet A-1 was determined under :simulated climb conditions,
The analog was an aircraft taking off from ground level and climbing

'at the rate of 3,000 to 4,000 feet per minute. These results are

shown in figure 27. Here there was.produced;a‘geheral shifting of
the limits., Since it is more consistent to discuss the shift in

. terms of altitude, the lean transition limit was displaced by 10,000

feet from the static, equilibrium transition limit, The rich limit-

~was displaced by 3,500 feet. Apparently, at the climb rate of 3,000

to 4,000 feet per minute, the shift in the limits is caused by a.

~time lag.  This is the time required for additional fuel enrichment
' to produce the limiting fuel/air ratio at the location where the
. ignition will occur. In the case of these experiments, the point

of ignition was 5. 5 inches above the level of the: fuel.' Thus, for
‘the lean limit, diffusion of additional fuel to produce the lean
1imit fuel/air ratio required 2.5 to 3 mimites. For. the rich limit

fuel/air ratio only 1 minute was required. .



Wafcan“concldde that, during climb, there is an upﬁard ghift of

the relative flammebility envelope. This shift is due primarily to
the time required to enrich the vapor space by additional vaporized
fuel. The mists that are produced by the constanily reducing tank
pressures do not have any effect ' on tank flammability.
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< ~AIRCREAPRT. CLimMB-
@ high reaction |
. @ low raaction
. -.' no reaction
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Figuré 27 - The Relative Flammability Envelope of -
: Jet A-1 During Aircraft Climb .



rprior flight

CONCLUSIONS

1. Dynamic conditions in a fuel tank can produce eprays which :
cause a significant expansion (at least 50%) of the temperature

‘range at which the tank vapor space is in a flammable condition.,'

This expan51on occurs at the lean limit of the flammability enve-
lope. : For practical purposes it makes the equilibrium flammability -
envelope of the fuel invalid for turbulent flight conditions or .

_'any conditions which result in fuel droplets in' the tank..

.2, During aircraft climb a non—equilibrium condition can exist,
such that a flammability limit is reached at a higher altitude than

- would be predicted on an equilibrium basis. During. aireraft climb
' the concentration of fuel vapors in a tank can be lower than that
‘which would exist under equilibrium conditions. This causes 'a
uminor temporary shift in the flammability 1imits.

e

3, ‘Reported- equilibrium- flammability limits of turbine fuels .

-.are further affected by

‘_a; Variations in experimental equipment and technique.‘

bl Variations in properties of specific fuel eamplee o

ffvwithin a type. Lo

History of the fuel. Prepertiee“may'chengeﬁbedeuee'of‘

"-d. Blendlng of fuel types. Sinall quantities of Jet B in
-} tank of Jet A can create a flammable mixture in a temperature
range. where neither fuel is flammable. .

. a
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APP X
TABLEXE - FUEL ANALYSIS
, . ' Mixed Fuels
Wide-Cut furbine Fuela Aviatinn Keronsenes © 504 Jet A 75% Jet
Fuel Designation JP-4 Jet B JP-5 Jet A Jet A-1 - 50% Jet B #* 25% Jet
Bateh — Batzh 1 Bstch 2 Batch 3 — - Patechn 1 Batch 2 S -
Gravity, Specific, 60/60°F 0.7620 0.7599 - 0.7995 0.76812 0.8204 0.8104 0.3058 C.7994
Gravity, PAPT, 60/60<F 4.2 54477 24.8 544 39.]1 43,1 L] _AB.5
Beid Vapor Pressure, 1b/in? 2.3 2.14 2.28 2.9 . _ -~ Z . .
Distillation, J.B.P. °F 162 150 150 1496 320 322 393 314 166 186
4 over oF 138 130 182 194 368 34,2 3.0 136 206 . 24,8
10% oF 220 190 192 208 382 350 350 346 21 : 272
20% °F 244 206 208 226 394 367 364 _ 308 - 2id, 310
30% o 226 220 220 242 406 374 376 558 270 342
L0% SF 240 236 232 258 414 384 388, __ 378 02 266
5 °F 255 2734 254 276 424 223 400 390 334 I80 -
(101 °F 276 272 274 298 432 408 41 400 360 394,
70% ___9F 295 296 293 32 A4 422 426 412 . 380 . 410
BOL: °F 26 328 324 366 458 433 _ 442 428 L0OL - 526
. ogf oF 356 260 362 426 475 460 4b2 450 L3 2
954, <F. B4 286 386 438 492 476 476 470 455 476
Fngd Point oF L0 413 IRER 490 516 503 489 492 490 500
Recovery % vol. 99.0 03,0 2.0 29.0 28,6 95.7 g8.7 29.C 98,7 ) 98.6
Rosidue 4 vol. 1.0 1.0 1.0 1.0 1.4 1.3 1.3 1.0 1.3 1.
Loss % vol. 0,0 0.0 0.0 0.0 2.0 0.0 2.0 0.0 Q.0 0.
Gumﬁ.Exisfent.Agg/loo ml 0.4 0.6 0.2 0.2 2.0 0.3 Q.4 0.4
. Potential, 100 ml 0.4 0.6 0.8 2.5 2.0 §.8 0.4 2.1
Sulfur, % W, 0.15 0.03 0.01 0.07 .32 0,07 0.06 6.09
F.I.A, Satirates, % vol. 81 bl 20.75 B2, 437 - 87.04 77,29 23,46 82.61 7.2
Olefins, % vol, 0.5% 1.2 L.35 1.42 2.21 _1.50 . 5.8L
Aromatics, % vol. 17.47 15.01 16.22 10.64 20.59 13.24 12.04 5.9¢
Anlling Point, °C 474 49.3 43.9 60,0 0.4 62,/ 62.5 ' 65.4
4niline — Gravity Constant 6,358 6,602 6,675 7,616 5,431 6,219 6,403 6,811
Heat of Combustion, BTU/1b 18,571 18,674 18,5674 18,779 18,456 18,539 18,611 18,632
Corrosion, Copper Strin _1-B° 1-A 1-4 1-B 1-4 1-4 i-4 1-B
Smoke Point, ©°F 27.0 7.0 28.0 3.0 _20.0 22.0 24.0 26.0
5.V.I. Calonlation 63.02 £7.062 63,77 04,93 29.97 £49.90 4£3.00 1.20
Freeze Point, °F _ < =76 < =75 < ~75 <€-75 =50 =70 =55 =535 -
Flash Point, °F - - < =30% < -0 135 125 120 118
Water Tolerance. 0.00(#1) 0.0(#1) 3.5 ,fl} D.O’ﬁl[ g.5 £2) 0.0{#1) D.5(#1) -
Viscosity, cs., 10Q°F -0.68 0.70 - - 1.68 1.40 1.26 1.32
. =30} 1.83 1.84 - - 11.30 7.81 7.36 5.79
Contamivation, mg/liter 0.4 1.4 3.5 2.0 _D.5 0.6 P 1.7

* AdAptgtion of Pensky-Martin Closed Cup Methed -

%% PBatch 2



APPENDIX 11

Glass Tube Combusticn Abpgratgs

General - For the visual definition of flammability envelopes,
"the glass tube apparatus which is shown in figure 28 was used. The
principle of viswally defining flames is widely accepted and has
been used quite extensively for determining limits of flammability. .
"A flammable point is defined as one where the flame propagaticn is
- essentially independent of the ignition source, : Independent flame
-propagation is ascertained when the flame travels a minimum distance
of four feet (5, 6). A nonflame is one where no visual confirmation

" of a flame can be made, or the flame fails to propagate the minimum .

required distance of four feet. To make the standard glass tube
apparatus applicable to. fuels, which are composed of wide boiling -
hydrocarbon fractions, the fuel sample was designed to be retained
in the combustion apparatus even during combustion. This made '
possible the natural formation of equilibrium fuel/air ratios from-
the liquid fuels and eliminated the need for calculating flammability
‘envelopes from the premixed fuel/air ratios. The caleculation of @

. envelopes is of questionable value when ‘applied to the complex
system of fuels.

~ The. combustion apparatus was made up. of a combustlon chamber o

and a fuel section which were contained.in an environmental chamber
for temperature control. The combustion chamber was a four-foot
“length of flanged, Pyrex pipe. In order to minimize "wall. effects"‘-
which tend to distort the flammability envelopes, the diameter of
the glass pipe was standardized at four inches, The fuel section
-was a cne-foot length of flanged Pyrex pipe which mated to the
combustion chamber. The base of the fuel section held five air |

diffusers through which air was bubbled. The fuel section was filled .

or drained through the valve at the base of the. apparatus. On top

of the combustion chamber, an extension of aluminum pipe was made

_to permit the external installation of a pressure relief plate and

piping to the vacuum pump and manometer for pressure regulation.

"The pressure relief plate was an sluminum plate which was machined

. to seat on the combustor chamber: extension with an "0" ring seal.
- 8ince the pressures covered in this investigation were invariably
negative, proper seating of the plate provided- leakproof conditions.:
‘Because it was free to move during. combustlon it immediately re-
.sponded to relieve any increase in pressure. , A detailed view of
the electrode housing is shown in figure 29. First,'tWO'access .
‘holes, diametrically opposed, were blown through the glass pipe.
This permitted the use of adjustable electrodes which were affixed

~ to the pipe in such & manner that they be completely insulated from
‘one another. This .was done by constructing electrode plates having
the outer diameter of the pipe and cementing these to‘the pipe with
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.silicone rubber cement. Bach electrode plate was fitted with a leak~-

proof stuffing box holding the electrode. This permitted gap adjust-

ment. To maintain high energy sparks, the electrodes were removed
and the internsl surface of the glass pipe cleaned daily, which
prevented the buildup of any residusl coating on the internal glass
surface. Such a coating could cause a reduction in spark energies
by shorting out the electrodes. For monitoring temperatures, ther-
mocouples were mounted in the combustion chamber and fuel section in
a manner similar to that described for the electrodes. The environ-
mentel chamber was also instrumented with an upper and lower ther--
mocouple readout. Temperature conditions were maintained so that a
temperature gradient.across the two environmental chamber thermo-
couples never exceeded 3°F. Temperature control of the environ-
mental chamber was maintained with a Missimer Portable Temperature

Servo Conditioner. ' By utilizing the Servo Conditioner's electrical

- heating elements or liquid COp,- env1ronmenta1 temperatures were
capable of being maintained within the range of +400°F to -100°F.

However, for low temperatures, the excessive consumption of 1iquid L

CO2 introduced a practical temperature limit of approximately -LOOF
to =50°F. .

ACCESS HOLE BLOWN
THROUOH THE GLASS PIPR

. ELECTRODE PLATE CEMEMTED
- ,TO THE GLASS PIPE WITH
SILICONE RUBBER CEMENT

ELECTRICAL LEADS -

FLECTRODE STUFEING
sox ‘

" Figure 29 - Detailedeiew‘bf flectrode Hoﬁsing
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Experimental Procedurss - The combustor was first purged of
all combustible material. The air was then evacuated with the
vacuum pump to a vacuum of 29 to 29.5 inches of mercury at which
time the vacuum pump and all associated valves were shut off. With
the negative préssure in the combustor, fuel of a predetermined
volume was drawn up through the fuel-fill-and-drain valve. The
temperature of the fusl sample, prior to introduction, was equal
to or cooler than the apparatus temperature. The normal volume
of fuel was maintained to produce & vapor space to fuel volume
ratio of 7:1, which gives a system ullage of 87. 5%. Since the
vaporization of a liquid is proportional to its partial pressure,
the fuel vapor in the vapor space at this time is greater than re-
quired for the test condition. Upon equilibration of the fuel and
apparatus temperatures, dry air was introduced through the combustion
chamber air inlet to produce the predetermined experimental pressurs.
The air was injected at the test temperature through fine diffuser
stones below the liquid-level thereby saturating it with fuel. The
aeddition of air also provides a mixing effect in the combustion

‘chamber. Visual observations utilizing the Tyndall effect were

made of the combustion chamber to insure the absence of mists after

" achieving pressure adjustments. If the rate of air inlet was too’

rapid, mists would be produced by mechanlcal carryover. Also during
initial evacuatlon, if fuel remained following the purglng"proceSS,
gl titude-climb" mists were produced, indicating that additional

purging was necessary. With the pressure and temperature establish—
.ed in the apparatus, the system was ready for test. The room was
derkened and the chamber ignited by an a.c. electric spark of about

1/2 second duration. The characteristic combustion reaction at
time of ignition was recorded. Its classification was either
flammable or nonflammable. To be nonflammable no evidence of flame
was observed, or a flame would be -extinguished before propagating
the entire four feet. A condition was classified as flammable

only if the flame traversed the complete four-foot length of the

combustion’ chamber.

~ Depending upon whether the equilibrium fuel/air ratio was

‘predominantly lead or rich at the equivalent altitude, the character-

istic color of the flames varied. Generally, the laboratory ob-
servations‘made‘on flame color can be summarized as follows:

o . : Color of Flame
“Altitude Lean Limit Rich Limit

K. ft . Region __Region
' ’0 - 20 ' - Blue Yellow
20 - 40 ' Blue-Green  Yellow-Green
AO‘— 60 Green ‘ Green
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APPENDIX TIT

Meﬁsuring the Spark Fnergy of the A.C, Ignition System

. The SAE (13) and Blackington {25) describe oscillographic

techniques for measuring the spark energies of capacitor discharge
systems. The principles which they describe were applied to the
a.c. ignition system used in the glass tube flammability studies.
The cap301tor dlscharge type is not & single electrical discharge.
Instead, it is composed of series of electrical oscillations. ' The
electrical oscillations are a function of the system!s.inductance
and capacitance. An anaslogous series of oscillationsa oecur with
the as.c. system but is a function of the 60 cycle input. The .
determination of sperk znergies of the capacitor discharge system
requires the observation of the time variation of both the arc
stream current and voltage to obtain a power vs time relationship.
The integral of such a relationship on a per spark basis is the
energy. The seme technique was applied to the a.c. ignition system.
. Voltages were measured across the spark gap using a high voltage
probe of 1 megohm resistance in parallel with the electrodes, with
& dual trdce oscilloscope readout. Current was determined by )
' measuring the voltage drop across a- 1 ohm resistance placed in .

" series in the electrode circuit. Oscillograms of both the current
and the. voltage were made simultaneously. Typical oscillograms
used for the calibration of the energy of the a.c. ignition system
are shown in figure 30. In this figure it can be seen that through-
out the phase cycle (0 to 4 seconds), discontinuities occur, which
"are due to sparking. These occur for both the voltage and current.
The energy dissipated may be calculated by using these voltage-
time and current-time relationships, It is first necessary to
meke a power curve which is the curve of the instantaneous product
of current and voltage versus time. This product curve then. re-
.presents the variation of power with time and the integral of this
curve, i.e. the area beneath the curve, represents the energy
dissipated in the spark. The energies for the particular sparks
shown in figure 3Q were calculated to be as follows:

Spark No, | Enefgy: Joules/Spark
(1) | 9.4
(2). , ‘, 5.7
(3) 6.0
. (4) 5.6
(5) 5,8
(6) 6.2
(7) ' 9.8
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This type of determination was carried.out for a series of five phase

changes recording the maximum spark energy in each particular phase.
In the previous example, only the maximum energy value of 9.8 joules/
spark would have been recorded for that phase. On the basis of the
five determinations, the' average maximum:.spark energies were es-
tablished. and reported. as being the ‘spark energy. Two different
transformers were selected to represent "high" and "low" ignition
energies, i.e. 20 and 5 joules per .spark.  The spark gap used at

both energy levels was 0. 4 inches.
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APPENDIX IV

' Agparatus Effects on gguillbrlum Flammability Envelopes

Rates of" combustion are controlled by thermal processes or"

' the nature of the predominant chemicael reactions. In either'case :
the apparatus strongly affects the flammability results.  Before -

-standardization of apparatus and procedure the. effects of tube

. diameter, spark energy and ullage were investigated. These résults
are described in the following sectlons. It was on the basis of

' these data that the apparatus and procedures were standardized

upon for establishing the equilibrium flammability envelopes. As'lf.
‘a result of these tests, the standard apparatus finally consisted :

of the four-inch diameter combustion tube, the high energy. a C..
_spark of 20 joules per spark, and a ullage of 87. 5% : .

Tube Diameter - Two tube diameters wore studied to confirm

their relative effects on. equllibrium flammability envelopes. vThe,,-

two tube . diameters were one and four inches.’ These diameters were .

selected on the basls of their producing high and low wall effects.

" ‘The high wall effect produced by the one-inch tube is demonstrated
by the equilibrium flarmability envelopes shown in figurea 31 and
- 32 The flammability envelopes prodnced with the one—inch tube,

- HIIAHE o

- GLASS Tuee COMB. APPARATUY
" HIGH. ENERQY SPARK

"

- — ONE INCH DIAM. TURE

LU e FOUR INCH OIAM TUBE

_ALTITUDS, thousand feat

g B @ B Bs & $ 8

¢
)
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.l

8% 70 <60 -0 40 30 0 4w 0 W 0 E 0 uln an
o nmunuu v '

I Figu.re 31 = Effect of Combustion. Tube Dis.meter
o ' f} on n—Hexane Flammability o



- Tfor both hexane and JP—L, are qualitatively quite similar,‘ ‘Unlike / ...
. 'the four-inch tube data, -whi¢h produced limits that were -straight
+lines,: the high. wall effects of the one-inch tube" produced curved B
. limits with .a:plateau: in'the rich region as well.as a limiting -

© - altitude at about 345, ‘000 feet. . .With & four-inch ‘tube, the wall

“effects.were" minimized and this became the standardized tube .

: diameter.‘urm

e . ‘.,. '1‘.
' RN T 27| ;
A N . . . : . 8 B

. -+ | -:GLASS TURE comeaPPARATUS
o b T CHIGH-ENERGY SPARK, . - ]
- &34 C
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L Figure 32 - Effect of Combustion Tube Diameter
on JP—A Flammability ‘

' Spark Energy - Two 1evels of epark'energy were’ investigated to i

p confirm thelr relative -effects on .equilibrium’ flammabllity envelopes.
~The -high and low- energy ‘levels of '20-and b joules per spark were .

i:diecuesed in ‘detsil in Appendix III. The: comparative effects:of.
" these .spark energies ‘on the flammabilityeenvelopee -are. shown ‘in

'figures 33 and 34. The fuels used. were -Jéet. A-1 and- Jet ‘B, using the‘f:

‘.\four—inch diameter combustion ‘tube which‘produced ‘mintmim wall -
" effects,’” -In .both figuree iy is, ehown thdt the.low-energy : epark »
- primarily affects the envelopee by narrowing”’ ‘the Timits with respect

‘to both. temperature .end-altitude. * There :was no- equivalent plateau o

J.iat the rich 1imit as oecurred uith the one-inch tube..'
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Ullage - The relative unfilled volume of a vessel, expressedv

 ‘in terms of percent, is referred to as the: ullage The -designed

ullage of the combustion apparatus was 87.5%.. This ullage was -
selected as it was similar to the ullage of ‘the Reid vapor pressure
apparatus. A selected number of flammability points were investi-.

_.gated at the higher ullage of 96.8%. ' The results indicated that :
~the ullage of - 96.8¢ was similar to the: 'standard ullage of 87.5%.
- It was therefore concluded that there would be no adverse effects
© . . on the experimental data by standardizing upon the use of the 87 5%
E ullage. . L . S ,

_ ;'-u , Verification of Final Appfratus - An investigation was under-
" taken to establish the validity of the combustion apparatus, ueing .
~ the 4-inch diameter tube, high energy a. c. spark and associated

procedures. This was accomplished by determining the equilibrium 3

©flemmability limits for liquid n-hexane at sea level.  The resulting

data are shown in Table XIIin oomparison with the equivalent theore--nﬂ‘

#.-""tical-and experimental 1limits. established. by other investigators.u‘
" The:good agreement of these: data validated the suitability of the
. .apparatue and techniques. -

TABLE xn

: THE TEMPERATURES AT WHICH LIQUID n-HEXANE WILL =
FORM LIMITS OF FLAMMABILITY UNDER EQUILIBRIUM CONDITIONS

Sea Level Flammability Limits, °F .
‘ - Lean " Limit. L ‘ . Rich Limit
Calculated Experimental Galculated Experimental

(ref. 26) -6 | %20 S V% R 5 S
"‘{'Naval Res. ‘Lab. - o 11‘ o e Ip; | c
" (ref. 27) R R E 7% T S |

. AED ® } ;‘ i : j‘_17 . l“ - ;17 S +36

S Glass Tube Comb. App, A-inch diam. tube, High energy epark, e
- 87.5% ullage e AR

The repeatability as provided by both apparatus and method in ‘1a

'7f7determining the flammability limits was-investigated using Jet A-1
- 'ms the fuel.. .The results are reported in Table XIII. With réference

. to this particular table, the flammability limit is defined as the .

-~ mid-point between the nearest flammable and. . nonflammable point. The ..

. repeatabllity range. of the limits at sea level, within the 95%:level .
 .'of confidence, was 11.6°F for the lean limit and :2.8°F for the rich :
+ . 1limit,  The repeatabllity decreased with increasing altitude as de- - .

- monetrated for the rich limit range at 30 000 feet. which wae ¢5 4°F.‘

S
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TABLE XTII - REPEATABILITY OF THE EQUILIBRIUM FLAMMABILITY LIMITS

Fuel: Jet A-l Batch 2 , Ignition: High energy a.C, spark
Tabe: 4 inch diemeter Ullage: 87 5.
Sea Level Limits . ' - 30,000 Ft. Limit
Lean Limit —__ Rich Limit o Rich Limit
Non ‘ : -~ Non , L Non -
Flamm, - Flamm. } ‘Flamn, -~ Flamm.: o ~ Flamm. - Flamm. )
Point  Point . Est. Limit - Point  Point  Est. Limit  Point Point Est. Limit
°F . _OoF  ___©oF __ _OoF . _-cF ) oF _OF . ___°F
9 .85 8.5 . 163 167 165 15 1 18
92 8 . sds 163 169 166 . 118 12 .- 12
| 92 8 8.0 . 166 169 - - 167.5 120 - 12 . 122
< 92 g6 - 8.0 166 7169, - 167.5 . 12 125 - 123
93 @ - 8.5 165 170 ' 167.5  123% 128 125.5
93 - 8 . 8.5 16 172 169 . 17 12.  119.5
Avg. offfhe.‘ ' 1~r : » -, ' o ;gf ‘ ' ) . . - L - f‘ :
- ~ Limits, °F -~ 8.8 - s 167.1 - | - - 1A.5

o Std.- Deviation of ‘ . e - . _ _ o
~ the Limits, °F .- 0.8 . e S A : R

'95% Confidence R S | - S S A S
Limit Range 87 = 90°F - . - 164 -170°F = © . . 1167- 127°F



APPENDIX V

Calculation of the Flammability Limits of Fuels

General - A procedure is described herein for calculating the
temperatures of the equilibrium lean and rich flemmability 1limits
of fuels at any given altitude. The method is based on the cal-
culation of fuel/air ratios from empirical and theoretical rela-

‘tionships between measured distillation data, fuel vapor volumes

and vapor pressures.. It is assumed that the flammability limiting

| ‘fuel/air ratios (on a weight basis) are constant with respect to

pressure and temperature and are the same for all fuels. Conver-
sion of fuel/air ratios from a weight to a-volume basis is
accomplished by estimating the molecular weight of the vapors.: The
correlations of Barnett and Hibbard (14) are used to determine the
average molecular weight of the vaporized ifuel from its 10% distill-
ation temperature. At a glven altitude, the vapor pressures
required to produce the required fuel/air .ratios are calculated

"by epplying Dalton's lL.aw of partial pressures. The equilibrium

temperatures whi¢h will produce these vapor pressures are estimated
by means of the Haas-Newton equation. Use of the latter equation
was made possible by treating the fuel as :a single component hydro-
carbon having a boiling point represented by the 5% distillation
temperature of the fuel.

Procedure - The calculation of the vapor pressure required to
provide a given fuel/air ratio in a fuel tank is based on equation
(1), which is an expression of Dalton's Law.

W W
= s b _
Pp =|E &1 P (1)
e »
Mg
in which
Wp = weight of fuel vapor

Wy =. welght of air
Mf = Imolecular welght of fuel vapor (figure 35)

M v=‘fmolecular veight of air-

‘Pr .= . total pressure in the tenk;'psia
P = vapefepreseure ef’the'fdel, psia.
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pressed as follows:

where

10% OISTILLATION TEMPERATURE;®F

| Figure 35 - Molecular Weight of Vaporized Fuel

By assuming weight fuel/air ratiocs of 0,035 for the lean limit
and 0.28 for the rich limit, and inserting appropriate values in .
equation (1), the flammability limit vapor pressures can be ex-

Pp

Pr ‘[‘: 2051 ()
My + l.O‘d : _ o

P -""5436,4-'7_f»" o | _
T [MF+81,J o (‘3,)‘

‘= Vapor pressure of the-fuel'feQuifed for the‘lgan

 flammability limit, mm Hg abs.
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Pp = Vapor pressurs required for the rich limit, mm Hg abs.
P =:'Total pressure at the deslred altituds, psis
Mg = Molecular weight of the fuelpvapor

The~equilibrium temperature of the system which will produce

& given vapor pressure, and hence fuel/air ratio, is estimated by

using the following form of the Heas-Newton equation (28)

T, = Tl (0. 151g P - O - 43) - 273.1 log P + 786 7 @)
' ‘ll5logP-<b"'-331 '
where
T; = the normal boillng point of the fuel estimated
‘ - as the 5% distlllation ‘temperature, °C :
Ty = temperature required to- produce the desired
S fuel/air ratio, °C |
P = vapor pressure of the fuel (equation (2) or (3)),
' ' Hgabs. ,
d = entropy of vaporization at T1 and one atmosphere

pressure (from figure 36) '

Uhen the resulting temperatures and: respective pressure alti-
tudes are plotted on a graph of altitude wersus temperaturs,. flamma-
bility envelopes are produced. These envelopes are ‘bounded by
straight line lean and rich ‘1imits similar to those obtained by
use of the four-inch diameter glass tube with high snergy spark.
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APPENDIX VI

Fuel Slosh Tank Experiggnts

 General - The presence of fuel spray or droplets in the vapor.
space wad expected to have a marked effect on the characteristic

‘equilibrium flammability limits. It was necessary to develop some

insight into the manner in which aircraft dynamics affect fusl
behavior to serve as a model for the flammability studies. 4 fuel
slosh tank was constructed to permit the visual observation and

 photographic documentation of the effects of simulated aircraft

dynamics on fuel. The information gained from these slosh tank
studies proved to be invaluable in the design of the dynamic
combustibility epparatus and formulating the experimental approaches
utilized in defining the effects of dynamics on flammability limits.

Apparatus - The fuel slosh tank, shown in figure 37, was
constructed to determine the effects of rocking and vibration on
fuel sprays. The basic tank was constructed of 1/4 inch aluminum

plate, welded to form a box, having the dimensions 12" x 12" x 36",
'The top and side windows were madc of 1/2" thick plexiglass. To

simulate internal wing tank members, baffles were constructed and

‘placed equidistant at the bottom of the tank. Varlable positions
-of the baffles were possible by making them removable. The baffles

were held in place by vertical slots at the tank bottom. A meximum
of five baffles could be utilized, each having the dimensions of

3" x 12", The vent line and fill valve were located at the same end
of the tank. The vent also served as an inlet for nitrogen gas
which was used to inert the vapor space. The tank was secured to
a rocklrig table by adjustable turnbuckles, through the two rings
welded at the tank ends. To preclude the possibility of fatigue
failure of the retaining rings by the severe vibration, & frame was
constructed, using steel "I" beams, which fitted over the tank top,
clamping the tank to the rocking table. The table was an L.A.B.
Rocker and Vibration Machine, Type 5670. This table was capable of
producing various rocking and vibration frequencies individually

- or in combination.

Experimental Procedure - The'rocking ahgle_uas kept constant

(throughout the program at :15 degrees. Only two rocking rate

levels were investigated, 5 and 25 cycles per minute. The vibration
amplitude was kept constant throughout at +1/8"; the vibration
frequencies used were generally at three levels, 0, 12.5 and 15

- cycles per second. Two baffle combinations were investigated where
‘the distance separating the individual baffles were 6 inches and

18 inches, "When no:baffles were used, only the simulated bulkheads,

(the tank ends) remained as an obstacle to.fuel flow. Regardless of
‘whether baffles were used or npt,:the bulkhead analog produced an

e -
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effect on the fuel that was a function of ‘the relative rocking

motion of the tank and fuel. As the tank :rocked back and forth, the

fuel would circle back over itself resembling a breaking ocean wave.
This violent wave action at the tank ends is referred to throughout
the report as a "high structural effect". During the rocking cycle,
the condition when the tank was passing through the horizontal
level 4is referred to as a "low structural effact",

High speed still photographs were taken of the tank at the

various combinations of rocking rate, vibration frequencies and

relative positions during the rocking cycle (the low structural
effect being at 0° from the horizontasl, and the high structural
effect at 115°). . Exposure times of the photographs were 1/2800
of a second. From the photographs, the proportion of the tank
ullage, in which the presence of spray. coild be discerned, was
mapped out and reported as an estimate of: the percentage of avall-
able vapor space containing.spray.

Results - The data, representing the relative proportions of
the tank ullage containing sprayed. fuel, was statistically analyzed.
The statistical snalysis was based upon the principles used in the -
analysis of variance". The results, showing the effects of the -
individual variables, without interaction, are shown in figure 38.

“"The results can be summarized by stating that, within the range of

conditions that were investigated, vibration was the most significant

-cause of spray. Rocking produces a lesser amount of spray than

vibration. In addition, the rocking produces foam which in turn re-
duces the amount of spray produced by vibration. Because the 'rocking
of JP-5 tended to produce more foam than JP-4, the data shows that.
spray is produced in greater quantity with the JP-4 fuel than with
JP-5. The results with respect to structural effect, baffle number
and tank ullsge are inconsistent and appear not to be significant.

A pictorial representation ‘of these sconclusions 1s gilven in
figure 39. The four photographs represent. constant conditions of
fuel height, vibration frequency and amplitude, baffle number and
a low structural effect (the horizental.position during the rocking
cycle). 'The varishbles are rocking rate and fuel. It can be seen
that, as the rocking rate increases, going down in the individual
columns, spray decreasss. JP-4 fuel results in more spray than .
JP-5 fuel (gang across the rows from leftito right). Likewise, the
JP-4 foams less than JP-5 under equivalent conditions,

Preceding Page B_lanq 65
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APPENDIX VII

Dynamic Combustion Appafatua

General - The dynamic combustibility apparatus was designed.
to provide an instrumental description of. flammability in terms .
of pressure and temperature transients, under both static and
dynamic conditions. Vibration was the means by which dynamic motion
was simulated. ' : , o

Apparatus - The dynamic combustibility apparatus is shown
schematically in figure 40. It consisted of a combustion bomb-
mounted in a temperasture control chamber. By means of an extension
to an electromagnetic shaker, combustion could be studied under
vibrating conditions in addition to the static state. The combustion
bomb was made by modifying a surplus 2} gallon aireraft hydraulic

. accumulator, having the approximate dimensions of 9 inches in dia-

meter and 15 inches in height with.a burst strength of 3000 psi.

To the accumulator, three ports were welded: the left port on the
bomb was for. light beam entrance into the chamber; the port at the
right, in direct opposition to the light beam entrance, held a.photo--
cell for measuring the transmitted light. The port at the center,.

‘which was at right angles to the incident light beam, also held .a

photogell, which measured scattered light. Any appearance of spray
or mists in the path of the transmitted light photocell rasulted in
a reduction of photocell output; and concurrently,. spray caused’

an increase in the photocéll output measuring the scattered light.
The photocells were designed to withstand high pressure transients.

'Details of construction for the photocell was shown in figure 4l.
‘The plexiglass windows were recessed in 1l.2'inch diameter ports

and were not damaged by the reactions. The+two photocell outputs
were recorded by strip chart recorders. The light scurce used was
a common 50 watt incandescent bulb contained in a standard explosion-

- proof reflector housing mounted. in the environmental chamber opposite
"the window port. Bisecting the angle between the photocell ports,

an igniter plug was located so the spark was located :at ths inter- .-

-section of the scattered and transmitted light paths, The igniter

plug was the same as that used for J~57 turbine engines. The power -
supply for the igniter plug was a General: Laboratory Assoclates

‘Exciter, P/N 40355. This GLA Exciter is a. capacitor discharge

electronic ignition system which is used. to start turbojet and turbo-

‘prop aircraft engines. :In conjunction with-the J57 igniter plug,

the system provided an ignition energy in the range of 16 to 24
joules per. spark. . This range is the nomingl value as rated by the

- manufacturer, and s of comparable intensity on a per spark basis to

the "high" energy ignition as used with the-glass tube apparatus.

LPreceding Page Blanlj ' 09
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Three thermocouples were installed in the combustialfbomb. Two' of
the thermocouples measured the steady state temperatures of the

“vapor space and fuel using & Brown Indicator as the temperature read- -
~out,  The third thermocouple was recorded on ¢ne channel of a dual

trace oscilloscope which was used to determine the transient tempera-
ture rise in the vapor space, occurring at-.ignition. In addition

to the three thermocouples, the combustion:bomb was instrumented °
with two pressure iransducers. One pressure transducer, a Statham

0 to 100 p.s.i.a. transducer, was used to monitor steady state.
pressures. Its output was recorded on a.strip recorder. The: second -
pressure transducer, a Statham flush diaphragm type transducer of

0 to 300 p.s.i.a., monitored the pressure transients occurring at

combustion via the second channel of the dual trace oscilloscope.

At the base of the combustion bomb, a fuel-fill-and-drain valve

was located. In conjunction with the top vacuum line, the fuel-fill-
and-drain valve permitted experimental altitude simulation in a
manner similar to that described for the glass tube combustion
apparatus. The Unholtz-Dickie Shakeér was used to vibrate the com-
bustion bomb: within the environmental chamber. The shaker was
capable of providing frequencies ranging from O to 20 cps and ampli-
tudes from 0 to :1/8 inches. Vibration settings were conveniently
controlled by means ol & console control, :as all vibratory motion was-
electromagnetzcally induced by the shaker.

Experimental Procedure — The basic principle for charglng the
bomb was similar to that described for the:glass tube apparatus. -
The combustor was first purged of all combustible material, then
the air was evacuated with the vacuum pump to a vacuum of 29 to-
29.5 inches of mercury. With the vacuum pump off and the valves-
closed, the vacuum was retained by the bomb. By virtue of the
existent negative pressure in the combustion bomb, the fuel, 1,18
liters, was drawn up through the fuel-fill-and-drain valve. This
standardized fuel volume produced a system ullage of 87.5% which
was ldentical to the ullage used in the glass tube experiments.

Fusl temperature was stabilized at the experimental temperature.

The pressure was then increased to the desired altitude equivalent.
by a dry air bleed through the fuel-air-and-drain connection. From
this point on, the similarity between the dynmamic. and. glass tube

apparatus techniques diverged. The apparatus was shaken at a fre-

quency of 15 cps and an smplitude of :1/8.inches, which produced a

~violent rain of sprayed fuel within the vapor space. Ten minutes.

was allowed for the scrubbing of the air by the fuel and an addi-
tional ten minute period was allowed for settling. A photocell con-
firmation was made showing that a suspension of fuel did not persist
in the vapor space. Without a doubt, this technique of alr scrubbing
certainly did saturate the air with fuel and so resulted in equili-~
brium '
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Having established an equilibrium fusl/air relationship,
flammablility experiments were conducted within three basic para—

meters: ,
a. ‘Static conditions’representing equilibrium*

, " Dynamlc ‘conditions where, spray droplete existed but were
~ not’ in the vicinity of -the 1gnition source as established by prior -
‘optical calibration. This was produced as follows:

Vibration amplitude: " 1/16 inches-

Vibration frequency., lO cps

"Fuel Volume. R lf18rliters.
Fuel to Spark: ‘_1H' © 5.5 inches
- oSpray to Sparh: V,il . 21L8‘inches ‘
‘Ullage- ‘A‘;"I ‘87'5%‘

S e Dynamic conditicns where. spray’ droplets completely sur-"
-round the ignition source. This state ‘was produced as follows.

' Vibretion amplitude. il/8 inches
-'Vibration frequency ) "IS'cpe
| Fuel Volume;‘:i:n_'. | l 18 liters
'anel,to_épark:\ i,‘- 5 5 inches -
Spray'toﬂSparh:f - "‘d0~inches*
j Ullage-'j “r" - 87, 5%

A major distinction between the. dynamic combustibility appara-
tua: and the glass tube apparatus resulted in defining a“flammable
point " The convenient definition by visual observation was no
longer applicable to the dynamic’ apparatus. Instead, as a sub-
stitute, instrumental definitions were applied which provided a
convenient frame of reference for data evaluation. For the dynamic
apparatus, ‘the ignition responses were a851gned to the following

categories. _
High Reaction°_ ‘any ignition'point which had a pressure
rise greater ‘than 4 psi and/or temperature rise greater then 50°F

‘be Low Reaction.-‘ any ignition point which had & pressure
rise less than 4 psi and a temperature rise less. than 500F,

c. No Reaction,~
‘ w2



APPRNDLX VIIZ

Mists”in Aircraft Fuel Tanks:

During the course of studies 1nvolving alrcraft dynamics, it
vas observed that as the pressure is reduced in a fuel tank, mista
suddenly appear in the vapor space. Upon continued reduction of the
pressurs, the mist would cease to form and then finally disappear.
Since this reduced pressure is analogous to an ascending aircraft,
similar mists must necessarily be formed in the fuel tanks.  Upon .
searching the literature, no reports or reference to this phenomenon
could be found. Investigations were initiated to develop insight
into the formation of such mists and the manner in which they could
influence the combustibility envelopes. .

The possibility that these mists were produced either by water'

" in the fuel or in-the air was eliminated by. the following experi-

ment, Pure, dry n-hexane was substituted as the fuél. Dissolved.
water in the hexane had been removed by passing it through a column -
of silica gel. All air in the vapor space was dry. With this
system, even though moisture was absent, dense mists still appeared.
The fact that mists could be produced, in the absence of water,
evidenced the fact that another mechanism was responsible..

o Another proposed explanation for this particular type of
misting suggested that the expansion of the gas by reducing the
pressure also reduced the temperature, causing condensation to
occur, i.e. Joule-Thomson effect. The logic used in this argument

.was that the temperature of the vapor is reduced below the dew point.

This argument was not pursued further as the analogy of this-system

~ to the Joule-Thomson effect is not a valid one. In our particular’

system, the pressure is reduced slowly, not by rapid expansion of
the gas through a throttle. Secondly, the tank was not insulated.
Some heat exchange occurred with the surrounding atmosphere, and .
therefore, the experimental conditions tended to be more isothermal
than adiabatic. Thirdly, since less than one atmosphere was the
maximum pressure differential produced, the Joule-Thomson effect,
even if applicable, at best could only have produced, under adiaba-

~tic conditions, a temperature change that would be no greater than

a fraction of a degree.

An interesting characteristic of this mist was noted. If the
tank were first agltated and then held motionless for a ten mlnute
period (which was quite adequate for settling visible suspended drop-
lets) coplous quantities of mist would appear upon reducing the
pressure. However, when the tank was left standing overnight, noc

mist would form, even at extremely high rates of preassure reduction.
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Mist would form only if the liquid or air were disturbed prior to
pressure reduction. This strongly suggests that the agitation pro-
duced the necessary nucleation sites required for the growth of the
mist droplets. These nucleation sites are most likely polymolecular,
behaving as a gas but smaller in size than can be visually confirmed
by the Tyndall effect. Howsver, with extended periods of settling,
a vapor space conditlion was produced, which lacked adequate nuclea—
tion sites. -

From high speed movies of the vapor space, using dark field -
1llumination, it was revealed that the mist forms simultaneously
throughout the vapor space. The concentration of the mist, immedi-
ately on forming, appeared to be somewhat uniform throughout the '
tank. That the mist formed uniformly and simultaneously at the top
of the tank which was 9 inches from the surface, as compared to a

point which was immediately above the liquid, supported the conclusion

that the mist is produced by the existent fuel present in the ailr
as a vapor. The mist droplets appeared to be quite stable and
showed no tendency to disappear by evaporation. The mist disappear-
ed primasrily by settling. ‘ :

A series of fuel misting experiments was introduced to study
some of the parameters influencing mist formation. The mist con-
centration was measured by photocells recording the intensity of ‘
scattered light produced, using the technique of dark field illumin-
stion. Some typical optical measurements, which are in reality a
measure of mist concentration, are shown in figure 42 as they were
recorded at four different climb rates: 1400 ft/min, 3700 ft/min,

5900 ft/min, and 10,600 ft/min. Included in the same figure are the

two different fuel types: JP-4 representing the wide-cut fuel, and
Jet A, representing aviation kerosene. From these curves, certain
qonclusions can be drawn concerning mist formastions of fuel:

. a. The greater the altitude ascent rate, the greater the
‘formation of mists.

b. JP*L fuel produées more mist‘than Jet A.

c. The mists, produced by Jet A, appear to be more persistent
than those of JP-4.

An additional comﬁarison ﬁas made between the two fuels by

plotting the maximum recorded mist values against the correspondiﬁg A

altitude ascent rate. These data are shown in figure 43 comparing
JP-4 and Jét A. This figure suggests that the wide-cut, JP-4, tends
.to produce twlce as much mlist as the aviation kerosene, Jet A.
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